Background. Recent studies showing an inverse association between estimated glomerular filtration rate (eGFR), a microvascular trait, and inactive desphospho-uncarboxylated matrix Gla protein (dp-ucMGP) support the hypothesis that after vitamin K-dependent activation, matrix Gla protein (MGP) is renoprotective, but these were limited by their cross-sectional design. Methods. In 1009 randomly recruited Flemish (50.6% women), we assessed the association between eGFR and plasma dpucMGP, using multivariable-adjusted analyses. Results. From baseline to follow-up 8.9 years later (median), dp-ucMGP increased by 23.0% whereas eGFR decreased by 4.05 mL/min/1.73 m 2 (P < 0.001). In 938 participants with baseline eGFR !60 mL/min/1.73 m
activated, MGP is a potent locally acting inhibitor of calcification in large arteries [7] and protects against macrovascular complications [6, 8] . More recently, we demonstrated an inverse association between eGFR and plasma dp-ucMGP [9] . Although our findings were replicated in two ethnically diverse cohorts [9] , their cross-sectional feature was a drawback. In the present study we examined in the Flemish Study on Environment, Genes and Health Outcomes (FLEMENGHO) [8, 9] whether circulating dp-ucMGP could predict a decrease in estimated glomerular filtration rate (eGFR) analysed as a continuous or categorical outcome.
M A T E R I A L S A N D M E T H O D S

Study population
FLEMENGHO complies with the Helsinki Declaration for research in human subjects [10] and received ethical approval. At each contact, participants gave or renewed informed written consent. The FLEMENGHO is a family-based population study for which recruitment started in 1985 [8, 9] . The 3343 participants remained in follow-up. The participation rate was 78.0% at recruitment and >75% at the follow-up examinations. From the FLEMENGHO database, we selected 1018 participants who had serum creatinine, plasma dp-ucMGP and all required covariables simultaneously measured at two visits $9 years apart. They included 645 participants from an earlier published crosssectional analysis spanning the period 1996-2011 [9] . The present analysis also involved 373 additional participants, whose dp-ucMGP levels along with serum creatinine were only recently measured or remeasured. Thus the present analysis covered the period ranging from 1996 to 2015. We excluded nine participants from the analysis because they were taking warfarin (n ¼ 2) or because their dp-ucMGP levels were >3 SD lower than the population mean (n ¼ 7). Thus the number of participants statistically analysed was 1009.
Biochemical measurements
Fasting blood samples were analysed for glucose and total and high-density lipoprotein (HDL) cholesterol, creatinine and c-glutamyltransferase (biomarker of alcohol intake) using automated methods in a single certified laboratory. dp-ucMGP was measured on citrated plasma by pre-commercial enzyme-linked immunosorbent assay kits at VitaK (Maastricht University, The Netherlands) [11] .
Diabetes mellitus was a fasting glucose >7.0 mmol/L (126 mg/dL) or the use of antidiabetic agents [12] . eGFR was derived from serum creatinine according to the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation [13] . We staged CKD according to the National Kidney Foundation (Kidney Disease Outcomes Quality Initiative) guideline [14] as eGFR!90, 60-89, 45-59, 30-44, 15-29 and <15 mL/min/1.73m 2 for Stages 1, 2, 3A, 3B, 4 and 5, respectively. The single laboratory involved in measuring the serum creatinine concentration in our study implemented the isotope-dilution mass spectrometry (IDMS)-traceable creatinine assay [15] on 18 December 2008. All creatinine measurements at baseline (n ¼ 1009) were done before this date. Of the follow-up creatinine measurements, 514 (50.9%) were done before 18 December 2008 and 495 (49.1%) with the IDMS-traceable assay. Participants collected a timed 24-h urine sample for the measurement of microalbumin and creatinine. Microalbuminuria was an albumin:creatinine ratio (ACR) of at least 3.5 mg/mmol in women or 2.5 mg/mmol in men [16] . Guideline-based staging of CKD requires repeat measurement of eGFR or albuminuria or additional evidence for renal disease [14] . However, as this is impracticable in the context of population studies, because multiple visits compromise the participation rate, staging of CKD in our current study, as done in landmark epidemiological research [17, 18] , relied on a single urine sample.
Other measurements
Blood pressure was the average of five consecutive auscultatory readings obtained with a standard mercury sphygmomanometer. Hypertension was a blood pressure of at least 140 mm Hg systolic or 90 mm Hg diastolic or use of antihypertensive drugs. The nurses also administered questionnaires inquiring into each participant's medical history, smoking and drinking habits and intake of medications. Socio-economic status was coded according to the complex scales provided by the UK Office of Population Censuses and Surveys [19] and simplified into a linear scale with scores ranging from 1 to 3 [20] .
Statistical methods
For database management and statistical analysis we used SAS software, version 9.4 (SAS Institute, Cary, NC, USA). We compared means and proportions by the large-sample z-test or analysis of variance and the v 2 -statistic, respectively. We applied the McNemar test to assess changes over time in categorical variables. We normalized the distributions of dp-ucMGP and c-glutamyltransferase by a logarithmic transformation. Statistical significance was a two-sided probability of 0.05.
In multivariable-adjusted analyses we expressed association sizes between indexes of renal function and dp-ucMGP for a doubling of the biomarker. The characteristics used as covariables were mean arterial pressure, heart rate, smoking, serum HDL:total cholesterol ratio and c-glutamyltransferase (index of alcohol intake), plasma glucose, antihypertensive drug treatment broken down into diuretics (thiazides, loop diuretics and aldosterone antagonists), inhibitors of the renin-angiotensin system [b-blockers, angiotensin-converting enzyme (ACE) inhibitors and angiotensin type 1 receptor blockers], vasodilators (calcium channel blockers and a-blockers) and use of statins in cross-sectional analyses, and additionally baseline eGFR in longitudinal analyses. We used mixed models in which we introduced individual, family cluster or both, as appropriate, as a random effect and the other covariables as fixed effects. Furthermore, we computed hazard ratios modelling progression across eGFR categories in relation to the baseline dpucMGP level using multivariable-adjusted Cox regression, while accounting for covariables and family clusters. Cox models relating albuminuria at follow-up to dp-ucMGP at baseline were similarly adjusted, and additionally for sex, age and body mass index.
eGFR in relation to dp-ucMGP
We assessed the added value of dp-ucMGP to predict progression over and beyond other risk factors from the integrated discrimination improvement (IDI) [21] and the net reclassification improvement (NRI) [21] . IDI is the difference between the discrimination slopes of the basic model and the basic model extended with the biomarker. The discrimination slope is the difference in predicted probabilities (%) between subjects with and without an endpoint. To calculate NRI, we predicted in each participant the risk of a renal event from a Cox model with and without the biomarker. If P (up/event) is the percentage of subjects with events whose predicted probability is increased by adding the biomarker to the model and if P (up/nonevent) is the percentage of subjects without events whose predicted probability is increased, then NRI equals 2
R E S U L T S
Characteristics of participants
All 1009 participants were white Europeans, of whom 511 (50.6%) were women. The study population consisted of 151 singletons and 858 related subjects belonging to 176 onegeneration families and to 109 multigeneration pedigrees. The median follow-up was 8.9 years (5th-95th percentile interval 6.0-14.7 years). Body mass index, blood pressure, HDL:total cholesterol ratio, c-glutamyltransferase, the prevalence of reported alcohol intake, hypertension and diabetes mellitus and the probability of being treated for hypertension all increased (P 0.027) from baseline to follow-up ( Table 1 ). The opposite was the case for heart rate, plasma glucose and the prevalence of smoking (P < 0.001). At baseline, of 1009 participants, 60 (6.0%), 658 (65.2%) and 291 (28.8%) had a high, middle or low socio-economic position, but plasma levels of dp-ucMGP did not follow the socio-economic gradient (P ¼ 0.96).
From baseline to follow-up ( Figure 1 and Table 2 ), dp-ucMGP increased by 23.0% [95% confidence interval (CI) 16.5-29.4; P < 0.001], whereas eGFR decreased by 4.05 mL/min/1.73 m 2 (95% CI 2.56-5.54; P < 0.001). In 514 participants who had both baseline and follow-up eGFR measured before the introduction ofthe IDMS-traceable serum creatinine assay, the annual decline in eGFR averaged 0.52 mL/min/1.73 m 2 (95% CI 0.37-0.67) and in the 495 who had their serum creatinine measured by different methods at baseline and follow-up eGFR averaged 0.47 mL/min/1.73 m 2 (95% CI 0.36-0.58). The P-value for the small (0.05 mL/min/1.73 m 2 ) between-group difference was 0.60.
In Table 2 
Cross-sectional analyses
The geometric mean dp-ucMGP plasma level increased from baseline to follow-up from 3.54 to 4.26 lg/mL (P < 0.001). In cross-sectional analyses of the baseline and follow-up data, eGFR decreased (P < 0.001) across quartiles of the dp-ucMGP distribution (Figure 2 ). In multivariableadjusted analyses of the cross-sectional data we accounted for mean arterial pressure, heart rate, smoking, serum HDL:total cholesterol ratio and c-glutamyltransferase (index of alcohol intake), plasma glucose, antihypertensive drug treatment broken down into diuretics (thiazides, loop diuretics and aldosterone antagonists), inhibitors of the renin-angiotensin system (b-blockers, ACE inhibitors and angiotensin type 1 receptor blockers) and vasodilators (calcium channel blockers and ablockers) and the use of statins (Table 3) . For a 5-fold higher plasma dp-ucMGP at baseline, eGFR was 3.70 mL/min/1.73 m 2 (95% CI 0.68-6.73; P ¼ 0.017) lower at baseline, 9.80 mL/min/ 1.73 m 2 (95% CI 7.42-12.2; P < 0.001) lower at follow-up and 3.67 mL/min/1.73 m 2 (95% CI 1.96-5.40; P < 0.001) lower if baseline and follow-up data were combined in a repeated measures model additionally accounting for individuals and family clusters as random effects. In cross-sectional analyses of the follow-up data, for a 5-fold higher plasma dp-ucMGP, the urinary ACR increased by 29.8% (95% CI 12.5-49.6; P < 0.001) and the odds ratio of having microalbuminuria was 9.33 (95% CI 2.86-30.9; P < 0.001).
Longitudinal analyses
The longitudinal analyses included 938 participants with eGFR !60 mL/min/1.73 m 2 at baseline. We first dichotomized the dp-ucMGP distribution at baseline by the median (Figure 3) . The cumulative incidence of eGFR <60 mL/min/1.73 m 2 was higher in the top than in the bottom half of the baseline dpucMGP distribution (8.0 versus 4.1%; P ¼ 0.012). In multivariable analyses accounting for family cluster as a random effect, for a 5-fold higher baseline plasma dp-ucMGP, eGFR at followup decreased by 3.15 mL/min/1.73 m 2 (95% CI 1.26-5.05; P ¼ 0.001). The hazard ratio expressing the risk of progression to eGFR <60 mL/min/1.73 m 2 was 3.49 (95% CI, 1.45-8.40; P ¼ 0.005). The hazard ratio relating the presence of microalbuminuria at follow-up to baseline dp-ucMGP was 4.70 (95% CI 1.57-14.1; P ¼ 0.006). Adding dp-ucMGP to the reference model, including risk factors for renal dysfunction, increased Distributions of the (A) eGFR and (B) dp-ucMGP at baseline and follow-up in 1009 study participants.
FIGURE 2: eGFR at baseline (circles) and follow-up (squares) by quartiles of the distribution of dp-ucMGP. P-values are for linear trend across the quartiles of dp-ucMGP.
eGFR in relation to dp-ucMGP IDI and NRI by 0.91% (95% CI 0.14-1.68; P ¼ 0.021) and 29.1% (95% CI 2.7-55.6; P ¼ 0.031), respectively.
D I S C U S S I O N
Our current study overcame a limitation of our previous report associating lower eGFR with higher circulating levels of dpucMGP, that is, its cross-sectional design [9] . Key findings can be summarized as follows: (i) in cross-sectional analyses of both baseline and follow-up data we replicated the multivariableadjusted inverse association between eGFR and dp-ucMGP previously reported [9] , (ii) dp-ucMGP at baseline predicted a decline in eGFR in all participants as well as the incidence of eGFR <60 mL/min/1.73 m 2 in participants with a baseline eGFR !60 mL/min/1.73 m 2 , (iii) baseline dp-ucMGP predicted microalbuminuria at follow-up and (iv) we demonstrated that the positive association of dp-ucMGP with age observed in cross-sectional analyses [7, 9, 22] is also present in a longitudinal assessment capturing 9 years of aging. Of note, we previously demonstrated that time of storage of the plasma samples at À80
C has a negligible influence on the measured dpucMGP levels [9] . Adding dp-ucMGP to the reference model, including known risk factors for renal dysfunction, significantly increased both IDI and NRI. The IDI and NRI indexes provide complementary information. Indeed, if adding a biomarker to a model increases the predicted probability, this is reflected by a significant increase in IDI. NRI indicates the extent to which a biomarker improves diagnostic accuracy, which amounted to 29.1% for dp-ucMGP in our present study. Our current findings focusing on renal function are in line with our previous report, which showed that high dp-ucMGP predicted adverse health outcomes, including total and cardiovascular mortality in 2318 FLEMENGHO participants followed up for a median of 14.1 years.
In our current study we considered decline of eGFR !60 to <60 mL/min/1.73 m 2 without short-term confirmation or association with other manifestations of renal disease as a study endpoint. To better understand the continuum of kidney disease, especially at an earlier stage when interventions may still delay or prevent sequelae, the Framingham investigators used a similar outcome measure [17, 18] . Among 2585 participants free of pre-existing renal disease, 244 (9.4%) developed BMI, body mass index; MAP, mean arterial pressure; c-GT, c-glutamyltransferase (index of alcohol intake); RAAS renin-angiotensin-aldosterone system. Numbers in parentheses refer to the change in the dependent variable for which the association size was computed. -, indicates the variable was not considered. For the logarithmically transformed ACR, changes associated with a covariable can be computed as a percentage by the formula [(10ˆestimate -1) Â 100].
Significance of the association size: *P 0.05, † P 0.01 and ‡ P 0.001.
FIGURE 3:
Cumulative incidence of eGFR decline (outcome) from !60 to <60 mL/min/1.73 m 2 by half of the distribution of baseline dp-ucMGP in 938 participants. The geometric mean levels of dp-ucMGP (interquartile range) in the low and high groups were 2.42 lg/L (1.87-3.06) and 5.08 lg/L (4.22-6.30), respectively. The P-value refers to the differences between dp-ucMGP categories. Vertical lines denote the standard error. Median follow-up was 8.9 years.
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clinically overt kidney disease during a mean follow-up of 18.5 years. In multivariable-adjusted models [17] , the odds ratio of developing renal disease was 1.84 (95% CI 1. [3] and previous studies [17] , we also used an early renal endpoint defined as an eGFR <60 mL/min/1.73 m 2 .
Identifying the mechanisms underlying the inverse association between eGFR and plasma dp-ucMGP was beyond the scope of our present study. An observational study also does not allow one to make causal inferences. However, based on the literature [4, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] , several pathophysiological processes are plausible. First, activated MGP not only protects against calcification of large and small arteries but also prevents extraneous calcium deposition in soft tissues, such as the kidney [4, 24, 25] . Second, in animal experiments, vitamin K antagonists induce arterial calcification [26] . Along similar lines, the grade of aortic valve calcification in patients with preoperative treatment with vitamin K antagonists was 2-fold greater than in matched controls without such treatment [27] . Furthermore, renal interstitial fibrosis is a universal predictor of a decline in renal function and is characterized by exaggerated deposition of extracellular matrix by an expanding population of fibroblasts and myofibroblasts [28] . In the context of fibrosis [28] , MGP antagonizes signalling via the bone morphogenetic protein (BMP) pathway [29] . BMPs belong to the transforming growth factor b (TGFb) superfamily [29] . Once activated, BMP type 1 and type 2 receptors induce endothelial dysfunction [30] , disruption of the integrity of the arterial wall [31] and the extracellular matrix [32] , promote untoward deposition of calcium [33] and activates pro-fibrotic pathways [34] .
Plasma dp-ucMGP is an established biomarker of poor vitamin K status [5, 6] . We did not measure the ratio of vitamin K 1 to K 2 or the K 2 biosynthetic enzyme UBIAD1 [35] . However, among 60 middle-aged healthy volunteers randomized in a placebo-controlled double-blind trial, plasma dp-ucMGP dropped dose-dependently by 31% and 46% in response to daily supplementation for 12 weeks with 180 mg and 360 mg of menaquinones-7 (vitamin K 2 ) [5] . Poor vitamin K status in patients with advanced CKD or on haemodialysis not only ensues from higher needs of activation of MGP in the presence of an increased risk of arterial calcification but also from lower dietary intake compared with healthy controls [36] . Why circulating dp-ucMGP rises with advancing age remains to be elucidated. However, the underlying mechanism might be similar as in patients with CKD. Age-related arterial calcification might leave a larger part of the pool of MGP secreted by VSMC and endothelial cells uncarboxylated. In addition, older people become less self-sufficient and more dependent on a caring environment for buying and preparing the more expensive high-end foodstuffs rich in vitamin K, such as leafy vegetables.
Our current study should be interpreted within the context of its possible limitations. First, increasing the sample size of the dp-ucMGP and ACR measurements from 2005 until 2015 allowed a longitudinal analysis, but ACR was only available in all participants at follow-up. The prevalence of microalbuminuria was small. Only four participants had both eGFR <60 mL/ min/1.73 m 2 and microalbuminuria. Second, of 1009 participants, 495 (49.1%) had their serum creatinine measured by different methods at baseline and follow-up. However, the difference in the annual decrease in eGFR for those in whom serum creatinine was determined by the same method at the two occasions averaged only 0.05 mL/min/1.73 m 2 (P ¼ 0.60). Whatever creatinine assay was used, the annual decrease in eGFR in our current study was of a similar order of magnitude as reported in other studies including predominantly healthy Caucasian people [37] . Third, eGFR values derived from serum creatinine by the CKD-EPI formula lose accuracy in healthy people whose eGFR is !90 mL/min/1.73 m 2 but less than that derived by the Modification of Diet in Renal Disease formula (bias 1.9 versus 10.0 mL/min/1.73 m 2 ) [38] . However, at baseline and follow-up, only 348 (34.5%) and 279 (27.6%) participants were in this category. Finally, the prevalence of diabetes mellitus was low, precluding extrapolation of our current findings to this particular patient group at high risk of CKD. Notwithstanding these potential limitations, our current observations highlight potentially new avenues for prevention of CKD to be confirmed in randomized clinical trials, such as healthy dietary habits or vitamin K supplementation. From a research point of view, exploring to what extent lack of inhibition of the BMP signalling pathway by activated and secreted MGP contributes to renal disease is of major interest.
In conclusion, in the general population, circulating inactive dp-ucMGP, a biomarker of vitamin K deficiency, predicts renal dysfunction, but further studies should clarify the underlying molecular pathways and substantiate the speculation that vitamin K supplementation might promote renal health.
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